Introduction
Nowadays, microwaves are typically used for food cooking. However, they are also utilized in industry to process absorbing materials like ceramics, evaporate water etc. Recently, this technique has been extended to electrically conducting powders. [1] [2] [3] In contrast to conventional methods, microwaves can transport energy inside the samples, producing volumetric heating; time of sintering sufficiently reduces, and properties of final product are at least as good as those sintered conventionally or even better. For example, the use of microwaves substantially simplifies and accelerates production of steel. 4, 5) In the case of bulk metals, the alternating electromagnetic waves can effectively penetrate inside a conductive body only by the skin depth. The skin depth dϭ√ හ 2/(swm) is determined by the wave angular frequency w, the body conductivity s and magnetic permeability m. For highly conductive materials the skin depth at microwave frequencies is very small. For example, in the present study the particles are irradiated by microwaves with frequency fϭ2.45 GHz, therefore the skin depth of copper [sϭ 5.8ϫ10 7 S/m (see, for example, Ref. 6 )] is dϷ1.33 mm. As a result, a macroscopic body made from bulk metal can not be effectively heated by microwaves. The situation differs in the case of compacts of powdered metals. In this case, the effective skin depth can reach a few centimeters, 7) making possible deep penetration of microwaves in compacts of powdered metals and subsequent volumetric heating.
In this paper, microwave heating of highly conducting nonmagnetic particles is analyzed. To find out roles of the electric and the magnetic components of the electromagnetic field in the heating process, a standing wave conditions are simulated. Penetration of microwaves in semi-infinite system of metallic cubic particles is roughly estimated.
Numerical Model
In the present study, the JMAG-Studio software ver.8.41301y (JRI solutions, Limited) is used for calculations. 8) In order to find out roles of the electric and magnetic components of the electromagnetic field, particles are placed either in the electric or magnetic anti-nodes of standing wave or it is irradiated by traveling wave.
During the numerical analysis, source produces a plane z-polarized wave propagating in x-direction. It heats a single copper particle or semi-infinite plate composed of the copper particles. Typical radius of the particles R lies within 1-10 mm range. Thus, the particles sizes are much less than the wavelength of microwaves, but they are comparable with the skin depth. The particles are surrounded by free space.
The JMAG-Studio software provides a number of boundary conditions. In the calculations, to maintain the polarization state, perfect electric conductor (PEC) conditions at the top and bottom of the simulation box along with perfect magnetic conductor (PMC) conditions at the left and right sides of the box are applied (Fig. 1) 1) The Graduate University for Advanced Studies, 322-6 Oroshi, Toki 509-5292 Japan. E-mail: suzuki.motoharu@nifs.ac.jp 2) National Institute for Fusion Science, 322-6 Oroshi, Toki 509-5292 Japan.
3) Takasago Industory Co. Ltd., 2321-2 Dachi, Toki 509-5401 Japan. Absorption of microwave energy in conductive nonmagnetic spherical particles is analyzed by means of finite element method. The frequency of the microwave is 2.45 GHz. To find out roles of the electric and magnetic fields in the heating process, conditions of the electric and magnetic anti-nodes in a standing wave are simulated. Results clearly show that single metallic particles are mostly heated by the magnetic component of the electromagnetic field. Density of the absorbed energy has maximum at some fixed particle radius, which equals to 3.3 mm for the case of copper particles. Penetration length into multi particle system is estimated.
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ing boundary condition (ABC) is applied. Other choices are to use the PEC boundary condition to simulate a sample heating in the maximum of the magnetic field of a standing wave (case M), and the PMC boundary condition to analyze heating in the maximum of the electric field (case E).
Tetrahedral meshes have been examined to provide accurate results even with relatively sparse grid and they are used for the single particle calculations. The mesh size is equal to R/10.
In the multi-particle case, side PEC and PMC boundaries are replaced by periodic boundary conditions, and thus the conditions of a semi-infinite plate composed of the metal particles are reproduced. To reduce time of calculation and due to limited PC resources, a uniform cubic mesh is used. The size of cell is 1 mm. This cell size is less than the skin depth, and it can be used for the rough estimation of the penetration length.
Results of Simulation

Heating of the Single Particle
In the beginning, heating of the single copper spherical particle in traveling and standing waves is analyzed.
The density of the released power is shown in Fig. 2 . The results demonstrate that the particle is the most effectively heated in the magnetic field maximum of the standing wave. The power released in the particle in the traveling wave is four times less than that in the magnetic field antinode. When the particle is placed in the electric field antinode, it releases negligible amount of power.
In the absence of magnetic losses, heating of electrically conductive material is always caused by the Joule loss mechanism. The current is generated by the electric field, which in turn can be induced by alternating magnetic field. Different amounts of the released power density suggest different amplitudes of the current density and, correspondingly, different amplitudes of the internal electric field. Indeed, in the high conductive particle, the external electric field is effectively suppressed, even when the particle is smaller than the skin depth, making heating in the electric field anti-node inefficient (Fig. 3) . It is supported by the fact that at microwave frequencies the intrinsic impedance of good conductors is much less than the impedance of free space h 0 ϭ376.73 Om. The impedance h shows ratio of the electric (E 0 ) to the magnetic field (H 0 ) amplitudes and it is equal to 9) ... where, e is the electrical permittivity and m is the magnetic permeability. For example, in the case of harmonic incident wave, it is possible to introduce effective permittivity as eϭ(e r ϩis/we 0 ) e 0 , where e r is the relative electrical permittivity and e 0 ϭ8.854ϫ10 Ϫ12 F/m is the permittivity of free space (see, for example, Ref. 10)). For the modeled conditions, permittivity of copper is eϷ(1ϩi4.29ϫ10 case E, case M and case EM., where R is the particle radius and d is the skin depth. Fig. 3 . Distribution of the electric field along the x-axis on the equatorial plane. The origin is set at the particle center. The particle is irradiated by plane traveling waves. The electric field inside the particle is always suppressed. In the shown scale, shape of the electric field distribution does not depend on the particle radius R.
within the skin depth is suppressed approximately by 4-5 orders of magnitude compared to the external one under the assumption of unperturbed magnetic field. When the particle is in the magnetic field maximum, the amplitude of the magnetic field within the skin depth is of the same order as that of the external field (Fig. 4, x/RϷ1 ). In this case, internal electric field is highly suppressed in comparison with the external one, but it is still enough for heating (Fig. 2, case M) . Placing the particle in the electric field anti-node, internal magnetic field becomes much smaller, inducing even smaller internal electric field. As a result, the particle releases negligible amount of energy (Fig. 2, case E) . Therefore, high conductive particles are most effectively heated in the magnetic field.
Heating in the traveling wave can be considered as a superposition of heating in the electric and in the magnetic fields. Since contribution from the electric field is much less than that from the magnetic field, the power released by the particle in a traveling wave is exactly four times less than that released in the magnetic maximum (Fig. 2, case  EM) . Here, it is necessary to take into account that the amplitudes of the electric and magnetic fields in the traveling wave is twice smaller than those of corresponding maxima of the standing wave.
The simulation shows that the density of released power has maximum at some intermediate particle size (Fig. 2) . The position of this maximum expressed in terms of the skin depth is located at R m Ϸ2.5d. For the case of copper, R m Ϸ3.33 mm.
Estimation of Penetration Depth in Multi Particle
System In this section, penetration of microwaves into multi particle systems is considered. The metal particles are arranged into regular body-centered cubic lattice. Size of the particles is 6 mm. Distance between the particles is 20 mm. Samples are heated by traveling wave. The configuration of metal particles is shown in Fig. 5 .
Here, the penetration scale length is estimated for a low density sample. The density of the multi particle system is 17 %. The empty space is filled by air, and such a system can be considered as filled with nonabsorbing and nonconducting medium. Dimensions of the simulated part of the semi-infinite system are 92ϫ40ϫ40 mm where I 0 is the incident energy flux, gradient dI/dl is taken perpendicularly to boundary, and the depth is estimated at the sample edge. For the case of bulk metal, the energy flux changes as I(l)ϭI 0 exp(Ϫ2l/d) due to the skin effect, therefore L d ϭd.
The amplitudes of the electric and magnetic fields, and density of the released energy along the test line are shown in Fig. 6 . Clearly, the electromagnetic wave passes through the simulated system only with slight attenuation. The ratio of absorbed energy to incident one is 3.8ϫ10
Ϫ4
, and from Eq. 4 . Distributions of the magnetic field along the x-axis on the equatorial plane. The origin is set at the particle center. The particle is irradiated by plane traveling waves. Note, when RϽd (Rϭ0.5 mm), the magnetic field is only slightly disturbed. Here, R is the particle radius and d is the skin depth. 
Conclusions
Numerical analysis of microwave heating of the single nonmagnetic metal particle and that of the multi particle system are performed by the JMAG-Studio software.
Our simulation confirms that due to high conductivity of metal particles, the electric field is highly suppressed inside of them even if the particle radius is less than the skin depth. For this reason, the pure metal particles are most effectively heated by the magnetic component of the electromagnetic field.
The results show, that density of the released energy has maximum within modeled range of the particles radii. For copper particle the maximum occurs when the particle radius is approximately 3.3 mm.
The possibility of deep penetration of the electromagnetic wave inside the compacts of powdered metals is demonstrated by the example of a low density semi-infinite plate composed of copper particles. The density of the plate is 17 %. The penetration scale length is estimated to be 0.48 m allowing volumetric heating.
For the present multi particle calculations, rough mesh is used because of limited PC resources. For more accurate estimations of the penetration scale length, the mesh should be refined. Another question is that the considered multi particle system has low density, while typical density of powdered metal compacts is much higher. It seems that the density influences the microwave penetrating into the metallic powder compacts.
11) The clarification of the relations between the density of the compacts and the loss of the electromagnetic wave will be performed in near future.
